An anisotropy-resolving subgrid-scale (SGS) model for large eddy simulation was investigated. This SGS model is constructed by combining an isotropic linear eddyviscosity model with an extra anisotropic term. Although the basic performance of this model was validated by application to fundamental test cases, there still remain several points to be further investigated. In particular, it had not been made clear how the extra anisotropic term worked for improving the predictive performance under a coarse gridresolution condition. For this purpose, we investigated in detail the predicted turbulent structures in the near-wall region. In this study, primary attention was given to the role of the extra anisotropic term in the model. By comparison of the results obtained with and without this extra anisotropic term, it was found that this term was generally effective to enhance unsteady motions of vortex structures generated in the near-wall region. These motions are thought to increase the Reynolds shear stress, resulting in the improvement of the prediction accuracy.
Introduction
Large eddy simulation (LES) is well known as a useful way to predict complex turbulence in engineering applications. In LES, the grid-scale (GS) eddies are directly resolved and thus the subgrid-scale (SGS) eddies must be modeled. The governing equations for an incompressible turbulence may be written as
where ( ) denotes a filtered value. In Eq. (2), ρ, P, U i and ν denote the density, filtered static pressure, filtered velocity and kinematic viscosity, respectively. The SGS-stress tensor τ i j is originally expressed as τ i j = U i U j − U i U j . Thus far, a great number of research groups have proposed several kinds of SGS models for τ i j (see for example, Refs.
(1)- (7) ). Although these models have provided encouraging results, there still remain several points to be further improved. In particular, the predictive performance of the current SGS models is not always adequate, if they are applied to engineering applications with coarse grid resolution in the
Turbulence Model

Brief description of the present SGS model
In the following section, we briefly describe the anisotropy-resolving SGS model proposed by Abe (8) . In this model, the SGS stress τ i j in Eq. (2) is modeled as follows:
where k S GS and ν S GS are the SGS turbulence energy and the SGS viscosity, respectively. In Eq. (3), S i j is the strain-rate tensor and the anisotropy tensor b S GS i j is modeled as
where τ (2) :
In this study, to calculate a test-filtered value U i , we adopt a box-type (volume-averaging-type) filtering operator. In Eq. (4), ν ′ is an equivalent eddy viscosity evaluated by an EVM-type linear approximation for Eq. (5) as
where S 2 = S i j S i j . In Eq. (4), R ′ i j is evaluated by subtracting an EVM form from the original Bardina model. Considering the fact that the production term of k S GS is expressed as −τ ′ i j U i, j (= −τ ′ i j S i j ), Eq. (6) means that this linearized approximation has the same amount of energy transfer between the GS and SGS components as the original scale-similarity model. Therefore, R ′ i j yields no undesirable extra energy transfer between the GS and SGS components and then the extra term in Eq. (3) is expected to successfully predict the SGS-stress anisotropy with no serious effect on the computational stability. Concerning the linear EVM in Eq. (3), the present model adopts the one-equation SGS model proposed by Inagaki (9) . The SGS viscosity ν S GS is modeled as follows:
where ∆ is an SGS filter width. In this study, k S GS and ε S GS are evaluated using the following equations:
The model constants are as follows (8) :
More detailed descriptions of the present SGS model are given in Abe (8) .
Primary concern in the present study
As discussed earlier, the basic performance of this SGS model was validated by application to fundamental test cases (8) . However, it is still unclear how the extra anisotropic term in Eq. (3) affects the instantaneous flow field when the model is applied to flow simulation with a coarse grid resolution. In order to discuss this issue in more detail, Fig. 1 illustrates a schematic view of the relation between turbulence structures and a grid resolution. It is indispensable for a reasonable LES to guarantee a grid resolution at least finer than the scale of a large (energy-containing) eddy. This condition is generally achieved in the region far from the wall, where energycontaining eddies are successfully resolved (solid lines in Fig. 1 ). However, in the near-wall region with a coarse grid resolution, it is difficult to guarantee such a condition because dominant eddies become smaller and smaller (dotted lines in Fig. 1 ). It has been reported that LES with such a coarse grid resolution in the near-wall region tends to provide a very low mean friction coefficient. On the other hand, the extra anisotropic term introduced in the present SGS model is expected to represent some characteristics of turbulent structures. Figure 2 illustrates the relation between unmodeled turbulent structures (dotted lines) and insufficient grid resolution in the near-wall region. In general, a conventional SGS model cannot model dominant eddies that are smaller than the grid width. However, a scale-similarity model can model unsteady GS eddies that are slightly larger than the grid resolution (dashed gray lines). Although the strength of these modeled eddies may be much weaker than expected, it is possible that these eddies, at least qualitatively, include some fundamental features of turbulent structures. If this extra anisotropic term is effective for representing these characteristics, we would expect an improvement in the predictive performance even under coarse grid conditions. This being the case, understanding such a mechanism is thought to be important and useful for further development of this kind of turbulence modeling. Therefore, in this study, primary attention is given to the role of this extra anisotropic term for representing near-wall turbulent structures.
Test Cases and Computational Conditions
First, to confirm the predictive performance of the present SGS model, we performed simulations for plane channel flows. Four Reynolds-number cases were tested, namely Re τ = 395, 1020, 2000 and 5000, where the Reynolds number was based on the friction velocity u τ and the half channel height δ, i.e., Re τ = u τ δ/ν. The computational conditions are summarized in Table 1 . The results obtained for the cases at Re τ = 395 are compared with the corresponding DNS data of Moser et al. (10) . In this study, three grid resolutions were selected for this Reynolds number. The C395F grid resolution is recognized as being sufficient for LES. Although the C395M grid resolution is still applicable, it may be relatively coarse for LES when a simple (non-staggered) second-order central difference scheme is adopted on a finite-volume grid cell. On the other hand, the C395C grid resolution is thought to be approximately the grid resolution with which the prediction accuracy of the LES begins to clearly decrease. In contrast, C1E3, C2E3 and C5E3 were adopted to validate the applicability of the present SGS model to higher-Re turbulence. Furthermore, to confirm the predictive performance of the present SGS model for more complex turbulence, we performed simulations of a wavy channel flow corresponding to the DNS of Ohta et al. (11) . Schematic view of the test case is illustrated in Fig. 3 . The lower wall (y = 0) is a flat plane and the height of the upper wall varies sinusoidally in the x-direction as
where L is the period of the wave and H is the mean channel height. The flow is subject to both favorable and adverse mean-pressure gradient in the streamwise direction. In this sense, this application is appropriate for further assessment of the model performance. The Reynolds number based on the mean friction velocity u τ and the mean half channel height δ = H/2 was Re τ = u τ δ/ν = 150. The grid nodes consisted of 61 × 61 covering a domain of L × H = 3.84H × H in the x-and y-directions, respectively. The grid resolution in the x-direction resulted in ∆x + = 19.2, while it was not uniform in the y-direction, being concentrated in the near-wall region with a sufficiently fine resolution as ∆y + < 1. Concerning the spanwise (z) direction, the grid node was 41. In this study, three types of grid resolutions (∆z + = 7.2, 14.4
and 29.8) were tested by adopting different spanwise domain sizes. Calculations were performed using an unstructured finite-volume procedure that was almost the same as that used by Muto et al. (12) , where vertex-centered type storage was used on a grid. The second-order central difference scheme was used to discretize the spatial derivatives except for the convection term of k S GS (Eq. (8)), which was discretized by the second-order upwind scheme. The time marching was based on the fractional step method (13) , in which the second-order Crank-Nicolson scheme was used for the velocity equations. On the other hand, concerning the transport equation of k S GS , the first-order Euler implicit scheme was used. The coupling of the velocity and pressure fields was based on the simplified marker and cell (SMAC) method (14) . The flow rate on the control-volume surface was estimated using the Rhie-Chow interpolation (15) . For the boundary conditions, the periodic condition was imposed in the streamwise and spanwise directions. On the other hand, the no-slip conditions were specified at the wall surfaces. Note that the effect of a first-order time-marching scheme and a second-order upwind scheme adopted for the k S GS transport equation was investigated in the previous studies (8) (16) , from which it was confirmed that the time-integration and spacediscretization schemes presently-used did not have any crucial effect on the computational results, at least for fundamental turbulent flows. As mentioned before, in this study, primary attention was given to the role of the extra anisotropic term that was newly introduced in the present SGS model. Therefore, we processed the simulation results at Re τ = 395 for more detailed investigation of the characteristics of the model. Moreover, for a comparative investigation, we used the DNS data of a channel flow at Re τ = 180 that were originally obtained by Hattori and Nagano (17) . The grid resolutions of the DNS were ∆x + = 9 and ∆z + = 4.5 in the x-and z-directions, respectively, as well as a sufficiently fine grid resolution in the wall-normal (y) direction. For a detailed investigation, we made a filtered velocity field from the DNS data, where we used the tophat filtering operator. Note that, according to Horiuti (6) , we applied the filtering operator in homogeneous directions (i.e., the x-and z-directions). In this study, we made three reduced velocity fields with the grid resolutions of ∆z + = 9, 18 and 36, which roughly correspond to the test cases of C395F (∆z + = 10), C395M (∆z + = 20) and C395C (∆z + = 40), respectively.
Results and Discussion
Validation of the basic performance of the present SGS model
First, to confirm the basic performance of the present SGS model, Fig. 4 compares the distributions of the mean velocity predicted by the original isotropic SGS model and the present anisotropic SGS model. Note that "the original isotropic SGS model" is composed of only the first and second terms in the right-hand side of Eq. (3). This is a standard EVMtype linear form that has been most often used. Figure 4 (a) shows the results predicted by the original isotropic SGS model without the extra anisotropic term. It is readily seen that the prediction accuracy becomes worse as the grid resolution becomes coarser. As discussed Vol. 7, No. 3, 2013 Journal of Computational Science and Technology above, the grid resolution of C395C (∆z + = 40) is generally insufficient for a conventional LES. On the other hand, Fig. 4 (b) shows the results predicted by the present anisotropic SGS model. The accuracy of predicting the mean velocity is considerably improved compared to that by the original isotropic SGS model. The computational results for all grid resolutions generally correspond well to those of the DNS data. A reasonable prediction of the mean velocity also provides a good prediction of the skin friction coefficient. Such a grid-independent trend in the mean-velocity distributions for a wide range of computational conditions is very encouraging from an engineering viewpoint. Figure 5 compares the Reynolds-shear stress predicted by the original isotropic and the present anisotropic SGS models. It is found that the distributions of the total (GS+SGS) shear stress predicted by the present model agree fairly well with the DNS data for all test cases. On the other hand, those by the isotropic model show undepredictions as the grid resolution becomes coarser. These features properly account for the prediction accuracy of the mean velocity as discussed in Fig. 4 . The total turbulence intensities predicted by the present SGS model are shown in Fig. 6 . Note that these values are calculated by the root-mean square of the total Reynolds normal stresses. All of the components are predicted generally well including their near-wall limiting behavior, although the discrepancy of the prediction looks larger as the grid resolution becomes coarser. Figure 7 shows the mean-velocity predictions for higher-Re cases. As seen in the figure, the present SGS model returns reasonable predictions, whereas the isotropic model shows considerable overpredictions. In such a high-Re case, the grid resolution parallel to the wall (i.e., x-and z-directions) is likely to become coarse in wall unit (i.e., ∆x + and ∆z + , see Table 1 ).
From these results, it is considered that the extra anisotropic term in Eq. (3) is effective for the improvement of the model performance.
Concerning the wavy channel flow case, Fig. 8 shows the mean-velocity distributions predicted by the original isotropic SGS model. In this study, four streamwise sections, i.e., x/L = 0, 1/4, 1/2 and 3/4, were selected for comparison with the DNS data (11) . Due to the variation of the cross-sectional area in the streamwise direction, the flow is subject to favorable mean-pressure gradient in the region around x/L = 1/4, while it is subject to adverse mean-pressure gradient in the region around x/L = 3/4. As seen in the figure, the prediction accuracy becomes worse as the spanwise grid resolution becomes coarser. This trend is similar to what is seen in the aforementioned channel-flow cases. The mean-velocity distributions show considerable overpredictions particularly in Fig. 8 (d) , although the effect of varying the mean-pressure gradient is thought to be reflected in the simulation. On the other hand, Fig. 9 shows the results predicted by the present anisotropic SGS model. It is found that the prediction accuracy is clearly improved. As seen in Fig. 9 (d) , the present SGS model shows good agreement with the DNS data even for the coarsest gridresolution case (∆z + = 36). From this fact, the present SGS model is expected to work well for complex turbulence with a change of the mean-pressure gradient. 
Detailed discussion on the near-wall turbulent structures
As seen in the aforementioned results, the present SGS model provided a considerable improvement of the prediction accuracy for coarse grid resolution. In order to clarify the reason why such an improvement was obtained, in the following section, we investigate the near-wall turbulent structures.
First, to find fundamental features of the near-wall turbulent structures with various grid resolutions, we compare the distributions of the second invariant of the velocity gradient tensor (Q) obtained by the DNS data of Hattori and Nagano (17) . As described earlier, we made three filtered-velocity fields reduced to the grid resolutions of ∆z + = 9, 18 and 36. Figure 10 shows the isosurface distributions of Q value for these three cases as well as those of the original DNS data. In the figure, only the lower region is visualized, and the color shows the distance from the lower wall in wall unit (y + ). It is found from Fig. 10 (a) that many streamwise vortex structures can bee seen in the near-wall region of the DNS data. This fact is a wellknown feature of this type of turbulent wall-shear flows. For the finer grid-resolution case of ∆z + = 9 ( Fig. 10 (b) ), these small vortex structures are successfully maintained in the flow fields. On the other hand, it is seen that these structures become larger and weaker as the grid resolution becomes coarser. However, even for the coarsest grid-resolution case of ∆z + = 36 ( Fig. 10 (d) ), vortex structures still exist in the region close to the wall surface, where they are characterized by the blue color. These near-wall vortex structures are known to play an important role in generating Reynolds-shear stress that directly affects the mean-velocity distribution as well as the wall-shear stress. In this sense, even if the grid resolution becomes coarser, the reproduction of this feature is thought to be important for a reasonable LES. Based on this knowledge, we then compare the distributions of Q value obtained from the present LES results. Those calculated by the original isotropic and the present anisotropic SGS models are shown in Fig. 11 . As seen in Fig. 11 (a) and (b) , both the original and the present models return similar results for the finer grid-resolution case C395F. This is because the grid resolution is fine enough to resolve small-size near-wall eddy structures. This feature is also similar to that of the DNS data as shown in Fig. 10 (b) .
On the other hand, we can see a different trend as the grid resolution becomes coarser. In particular, for the coarsest grid-resolution case C395C as shown in Fig. 11 (e) and (f), a remarkable difference is seen between the original and the present models. It is found from Fig. 11 (e) that the original isotropic model fails to reproduce vortex structures very close to the wall surface, where the blue-color part definitely disappears. As was described earlier, near-wall vortex structures are thought to play an important role in generating Reynolds-shear stress. Therefore, the lack of these eddies leads to the underprediction of the wall-shear stress, resulting in the overprediction of the mean velocity, as shown in Fig. 4 (a) . On the contrary, the present anisotropic SGS model successfully reproduces near-wall vortex structures. It is readily seen in Fig. 11 (f) that several eddies in blue color clearly exist in the region close to the wall surface. This fact corresponds to that of the DNS data as shown in Fig. 10 (d) . This remarkable feature originates from the extra anisotropic term in Eq. (3) introduced in the present SGS model. As was discussed in Fig. 2 , this term is expected to considerably enhance activity of the near-wall eddy structures even for such a coarse grid resolution. Owing to this effect, the Reynolds-shear stress was predicted more Vol. 7, No. 3, 2013 properly, leading to reasonable predictions of the mean velocity as shown in Fig 4 (b) .
Next, for more detailed discussion, we consider the instantaneous vorticity field. Taking the curl of Eq. (2) with Eq. (1) yields the following transport equation of the vorticity vector of the filtered velocity:
where ε i jk is the alternative tensor and the vorticity vector ω i is defined as
In Eq. (11), the first term of the right-hand side is the production term and the third term is the molecular diffusion term. On the other hand, the second term is the SGS-stress term that is expected to give a considerable effect on the predictive performance in LES.
As seen in Fig. 11 (f) , the streamwise vortex structures are clearly enhanced in the nearwall region by the present SGS model. Therefore, in what follows, we investigate the instantaneous streamwise-vorticity field (i.e., ω x for i = 1). According to Eq. (11), the transport equation of ω x is written as follows: Figure 12 shows the distributions of each term in the right-hand side of Eq. (13) evaluated from the DNS data (17) . In the figure, we compare the filtered results of the finest (∆z + = 9) and the coarsest (∆z + = 36) grid-resolution cases. As for the fine grid resolution case, the production term ( Fig. 12 (a) ) shows large values as well as the molecular diffusion term (Fig. 12 (e) ), while the SGS-stress term (Fig. 12 (c) ) returns relatively small values. From these figures, it is thought that the production term is dominant in the fine grid-resolution case, although some contribution of the SGS-stress term is clearly seen in the near-wall region of Fig. 12 (c) . On the other hand, a different aspect can be seen as the grid resolution becomes coarse. As seen in Fig. 12 (b) and (d), the values of the production term become smaller, while those of the SGS-stress term become larger. Therefore, it is said that the SGS-stress term gives a considerable contribution to the balance of the streamwise vorticity transport equation. In this sense, the SGS-stress term becomes more and more important as the grid resolution becomes coarser. Based on this knowledge, we then investigate the present LES results. Figure 13 shows the distributions of each term in the right-hand side of Eq. (13) obtained by the original isotropic SGS model that does not include the extra anisotropic term in Eq. (3). In the figure, we compare the results of C395F and C395C. As for the finer grid resolution case C395F, the production term ( Fig. 13 (a) ) shows large values, while they become much smaller for the coarser grid-resolution case C395C (Fig. 13 (b) ). This trend is qualitatively similar to that of the DNS data. However, as for the SGS-stress term, no remarkable distribution can be seen even for C395C as shown in Fig. 13 (d) . This fact is thought to be closely related with the flow phenomena as seen in Fig. 11 (e) , where the near-wall vortex structures disappear. It is noted again that this feature of the original SGS model tends to lead to an underprediction of the Reynolds-shear stress, resulting in a considerable overprediction of the mean velocity.
On the other hand, Fig. 14 Fig. 12 Comparison of the right-hand side terms in the streamwise vorticity transport equation evaluated from DNS data (Re τ = 180) of Hattori and Nagano (17) (x/δ = 1, 3, 5) (color ranges from −2 × 10 −3 (Blue) to 2 × 10 −3 (Red), all terms are normalized in wall unit).
The production term shows large values for C395F, while it returns small values for C395C, as shown in Fig. 14 (a) and (b) , respectively. This feature is similar to that of the original SGS model. On the contrary, a different aspect can be seen in the contribution of the SGSstress term as the grid resolution becomes coarser. As seen in Fig. 14 (d) , the present SGS model returns remarkable values of the SGS-stress term for C395C. This feature generally corresponds to that of the DNS data, although it is seen that the contribution is not always small even for C395F, as seen in Fig. 14 (c) . From this fact, at least, the SGS-stress term of the present SGS model is expected to work for maintaining near-wall vortex structures in a coarse grid-resolution case, leading to the increase of the Reynolds-shear stress. Thus, such a (Red), all terms are normalized in wall unit).
remarkable improvement as seen in Fig. 4 (b) is obtained for the mean-velocity prediction. In order to examine the role of the extra anisotropic term in Eq. (3) more clearly, we decompose the present SGS model into the linear and extra-anisotropic terms as follows: Figure 15 compares the distributions of the second (SGS-stress) term in Eq. (Red), all terms are normalized in wall unit).
linear part (i.e., 2k S GS δ i j /3) gives no effect on this comparison. It is readily seen that the extra anisotropic term (Fig. 15 (b) ) provides much larger values than the linear term ( Fig. 15 (a) ). This fact generally corresponds to the knowledge obtained by Abe (16) that the anisotropic term returns much larger values of the SGS-stress components than the isotropic term, except for the shear-stress component in the region close to the wall surface. This fact indicates that the extra anisotropic term is dominant in the SGS-stress term in Eq. (13) . (Blue) to 5 × 10 −3 (Red), all terms are normalized in wall unit).
Concluding Remarks
An anisotropy-resolving SGS model for LES was investigated. This SGS model is constructed by combining an isotropic linear eddy-viscosity model with an extra anisotropic term. In this study, primary attention was given to the role of the extra anisotropic term in the model. First, to confirm the predictive performance of the present SGS model, we performed simulations for plane channel flows with various grid resolutions and at several Reynolds numbers. Furthermore, to investigate the model performance for more complex turbulence, we applied the present SGS model to a wavy channel flow subject to a streamwise periodic mean-pressure gradient. The computational results for all test cases showed good agreement with the corresponding DNS data and the well-known experimental knowledge.
Next, to make clear how the extra anisotropic term worked for improving the predictive performance, we investigated the near-wall turbulent structures in fully-developed plane channel flows. For this purpose, we compared the results obtained by the original isotropic SGS model (without the extra anisotropic term) and the present anisotropic SGS model under different grid-resolution conditions. From the comparison of the distributions of the second invariant of the velocity gradient tensor, it was revealed that the decrease of the prediction accuracy with a coarse grid resolution was closely related to the lack of the vortex structures in the region close to the wall surface.
Furthermore, to discuss the relation between the SGS model and the near-wall vortex structures, we investigated the instantaneous vorticity field. The streamwise vorticity transport equation was decomposed into the individual terms (i.e., the production, the SGS-stress and the viscous diffusion terms, etc.) and their distributions were compared. We also made these distributions from the DNS data of a channel flow for detailed discussion. It was elucidated from the DNS data that the production term decreased as the grid resolution became coarser, while the effect of the SGS-stress term increased for a coarser grid-resolution case. As for the production term, both the original isotropic and the present anisotropic SGS models showed a trend similar to that of the DNS data. On the other hand, these two SGS models showed a different trend in the distributions of the SGS-stress term, where the present SGS model returned more reasonable values.
Finally, to examine the role of the extra anisotropic term more clearly, we decomposed the model expression into the linear and extra-anisotropic terms and they were compared with each other. It was found that the extra anisotropic term largely affected the SGS-stress term in the vorticity transport equation. Such being the case, it is considered that the extra anisotropic term in the present SGS model has the capability of enhancing the activity of the near-wall turbulent structures and then the predictive performance is considerably improved particularly for coarse grid-resolution cases. Vol. 7, No. 3, 2013 
